Abstract: Ubiquitin-like proteins, similar to ubiquitin, can either exist freely or be covalently attached to other proteins via an enzymatic cascade. The ubiquitin-like proteins play roles in multiple biological processes including transcription, stress responses, DNA repair and so on. In this study, a novel ubiquitin-like protein (TbUbl11) was identified in Trypanosoma brucei. The solution structure of TbUbl11 was solved by NMR spectroscopy. TbUbl11 adopts a conserved β-grasp fold composed by a five-stranded β-sheet curling around a central α-helix, similar to other ubiquitin-like proteins. Meanwhile, some differences between TbUbl11 and other ubiquitin-like proteins were also identified. Additionally, we revealed that TbUbl11 is located in the whole cell body of procyclic-form T. brucei.
Introduction
Ubiquitin (Ub) is a small protein that can be reversibly attached to other proteins and lies in the core of an elaborate post-translational modification pathway. 1 Besides ubiquitin, a number of ubiquitin-like proteins (Ubls) such as SUMO, Urm1, and Nedd8 were also identified. These ubiquitin-like proteins play roles in a variety of biological processes including transcription, stress responses, DNA repair, cell cycle regulation, and autophagy. 2 The ubiquitin like proteins (Ubls) can be attached to numerous cellular proteins and to other macromolecules. 3 To be capable of substrate modification, the trio of E1 ubiquitinactivating, E2 ubiquitin-conjugating, and E3 ubiquitin-ligase enzymes are indispensable. [4] [5] [6] With the aid of Ubls-specific proteases, Ubls can be cleaved and recycled from substrate proteins. 7 Although Pup, a prokaryotic ubiquitin-like protein, is an intrinsically disordered protein, 8 Ub and
Ubl proteins from eukaryotes all have a highly conserved ubiquitin-like β-grasp fold. The ubiquitin-like fold forms quickly and cooperatively around a hydrophobic core and is highly stable. 9 All Ubls consist of five β-strands and two or three α helices. The first and last β-strands (β1 and β5) are oriented parallel to each other. Besides Ub and Ubls proteins, ubiquitinlike domains existing in some proteins also exhibit the typical ubiqutin-like β-grasp fold.
Trypanosoma brucei (T. brucei) is the causative agent of animal trypanosomiasis (nagana disease) and human African trypanosomiasis (sleeping sickness), which is fatal if left untreated. 10 Meanwhile, as a unicellular eukaryote and an early branching parasitic protozoa in evolution, T. brucei is also an ideal model in the study of a variety of cell events. In T. brucei, the structure and the function of some ubiquitin-like proteins including ATG8, NEDD8, Urm1, and SUMO have been studied. [11] [12] [13] Here, we identified a novel ubiquitin-like protein (TbUbl11) from T. brucei. We solved the solution structure of TbUbl11 by NMR spectroscopy. TbUbl11 adopts a conserved ubiquitin-like β-grasp fold, although varies in some structural characters compared with other Ubls. Meanwhile, TbUbl11 was identified to be located in the whole cell body revealed by cell immunofluorescence assay.
Results and Discussion
The sequence of TbUbl11 exhibits low similarity with other Ubs
In order to identify the ubiquitin-like family proteins in T. brucei, the sequence of ubiquitin proteins was used to search for the proteins with certain sequence similarity. Through the sequence analysis, we identified a novel protein (named as TbUbl11 since its molecular weight is $11 kD). Sequence alignment among TbUbl11 and other eukaryotic ubiquitin proteins showed that TbUbl11 shares less than 20% sequence identity and less than 40% sequence similarity with ubiquitin proteins [ Fig. 1(a) ]. Although the sequence similarity between TbUbl11 and other ubiquitins is low, they all contain some highly conserved residues, which suggests that TbUbl11 belongs to the ubiquitinlike protein family [ Fig. 1(a) ]. TbUbl11 lacks the diglycine motif at its C terminus, which is responsible for the covalent attachment and usually exists in ubiquitin and most ubiquitin-like proteins. The absence of diglycine motif suggests that TbUbl11 may be attached to other proteins in another manner or play its role in a different mechanism instead of covalent attachment that typical ubiquitin and ubiquitin-like proteins do. Although the sequence similarity is low, TbUbl11 was predicted to have a pattern of secondary structure similar to other ubiquitins or ubiquitin-like proteins [ Fig. 1(a) ].
Solution structure of TbUbl11
The solution structure of TbUbl11 was calculated based on a series of NMR spectra. of side-chain resonance assignments were completed. In total, 906 NOE distance restraints and 132 dihedral angle restraints were included in the structure calculation of TbUbl11. The result of a Ramachandran plot for the ensemble of 20 structures showed that all the residues are in the allowed region. The chemical shifts of atoms from TbUbl11 have been deposited into the Biological Magnetic Resonance Data Bank (accession number 36175), and the atomic coordinates of the calculated structures were deposited in Protein Data Bank with the PDB ID code of 5ZMB. A summary of the structural statistics for these 20 structures is given in Table I . The ensemble of 20 lowest target function structures and a representative structure are shown in Figure 1(c,d ).
TbUbl11 adopts a conserved β-grasp fold. The structure of TbUbl11 is comprised of a mostly antiparallel five-stranded β-sheet, which is curling around a central α-helix. Fig. 1(d) ]. The strands of the β-sheet are ordered by 2-1-5-3-4 with Strands 2 and 3 antiparallel to the others, which is similar to the ubiquitin-like fold. Both helix α1 and α2 are flanked by a loop on each side. The long α helix is located almost perpendicular to the β-sheet and both together form a compact hydrophobic core. The short helices cap the hydrophobic core at each side of the β-sheet.
Structural comparison of TbUbl11 with other ubiquitin-like family proteins
The structure of TbUbl11 was submitted to DALI 14 Fig. 2(a-f ) ]. Sequence alignment between TbUbl11 and the five homologues showed that TbUbl11 shares 15-20% sequence identity and 45-55% sequence similarity with them [ Fig. 2(g) ]. The structure of TbUbl11 was then compared with the five homologues. All these structures are highly conserved with the characteristics of typical β-grasp fold, consisting of an antiparallel five-stranded β-sheet which is curling around a central α-helix. Besides, they all contain the short helices capping the hydrophobic core at each side of the β-sheet. Meanwhile, some differences also exist. The two β-strands (β1 and β2) of TbUbl11 each consists of five amino acids. In contrast, there are more than five amino acids in the other four homologues except the Ubl domain of Kindlin2 from Mus musculus, which also has five amino acids of each β-strand [ Fig. 2(a-f ) ]. Another difference is that there is additional α helix between β3 and β4 in the Ubl domain of Kindlin2. However, in TbUbl11, there is one short loop instead, which is conserved among the other four structural homologues except the Ubl domain of Kindlin2 from Mus musculus [ Fig. 2(a-f ) ]. Moreover, a 3 10 helix is present in TbUbl11, which is different from the other four homologues except the ubiquitin from Bacillus amyloliquefaciens [ Fig. 2(a-f ) ]. Both sequence alignment and the structural comparison indicate that TbUbl11 belongs to the ubiquitin-like family with the common ubiquitin-like β-grasp fold containing the overall β-sheet dimensions, orientation of the helix within the curvature of the β sheet, and a short helix in the linker between β4 and β5.
Cellular localization of TbUbl11 in procyclic-form T. brucei
To examine the cellular localization of TbUbl11 in procyclic-form T. brucei, EYFP was tagged to the Cterminus of TbUbl11 (TbUbl11-EYFP). The full-length gene of TbUbl11 was cloned into pC-EYFP-Neo vector, and cells were transfected with linearized constructs (see "Methods" section). The expression level of TbUbl11-EYFP protein was then examined by western blot with GFP probe. TbUbl11-EYFP protein was clearly detected by GFP probe on the nitrocellulose membrane, indicating the successful expression of TbUbl11-EYFP protein [ Fig. S1(a) ]. Based on the EYFP tag which is fluorescent, immunofluorescence study and the slides were examined using green fluorescent channel of FV1200MPE-share system (Olympus). TbUbl11-EYFP fluorescence was detected evenly throughout the cells including the cytoplasm and nucleus, suggesting that TbUbl11 is located and plays its role in the whole cell body [ Fig. S1(b) ].
In conclusion, the solution structure of TbUbl11 from T. brucei was determined by NMR spectroscopy. Structural analysis indicated that TbUbl11 adopts a conserved ubiquitin-like β-grasp fold, suggesting that TbUbl11 is a ubiquitin-like family protein.
Materials and Methods

Protein expression and purification
The DNA encoding TbUbl11 (UniProt entry: C9ZQY5) was cloned into the NdeI and XhoI sites of the pET28a vector (Novagen). Recombinant plasmid was transformed into Escherichia coli strain BL21 (DE3). The corresponding protein was expressed at 37 C untill OD600 reaches 0.8, and induced by 1 mM IPTG at 16 C for 18 h. Cells were harvested by centrifugation and then resuspended in a buffer containing 20 mM Tris-HCl (pH 8.0) and 500 mM NaCl. After sonication, cell debris were removed by spinning the lysate at 14,000g for 20 min at 4 C. To purify the target protein, the lysate supernatant was loaded onto a Ni 2+ -NTA column. The eluted protein was further purified by size exclusion chromatography using a Superdex 75 column on an AKTA purification system. 13 C and 15 N-labeled TbUbl11 was purified in the same way except that LB medium was 17 Structures were calculated by CYANA 3.0.
18
The final 20 lowest-energy structures were analyzed with MOLMOL 19 and PROCHECK. 20 In situ tagging, western blot and immunofluorescence microscopy
The procyclic-form T. brucei strain 427 was cultivated at 26 C in Cunningham's medium 21 supplemented with 10% fetal bovine serum (Hyclone). A C-terminal fragment of TbUbl11 was cloned into the pC-EYFPNeo vector, which was linearized with PmeI. Linearized in situ tagging plasmid was transfected to 427 cells by electroporation. The transfection was performed as described before with some modifications. 21 Electroporation was carried out in a 2-mm cuvette (BTX) using the BTX ECM630 with parameters set as follows: 2 kV voltages, 200 Ω resistance, and 25 μF capacitance. For in situ tagging cell lines, transfectants were selected and grown in culture medium containing G418 (2.5 μg/ml). For western blot, 10 7 cells were harvested, washed twice with PBS, and suspended with 50 μL of PBS. 50 μL of 2 × SDS-PAGE loading buffer (100 mmol/L Tris-Cl with pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 200 mmol/L DTT) was directly added to cells. The samples were fractionated, blotted onto NC membrane, and incubated with antibodies including anti-GFP mouse mAb and Goatanti-mouse IgG-HRP (used at 1:1000 dilution). Four hundred and twenty-seven cells were analyzed as negative control. For immunofluorescence microscopy, cells were harvested, washed three times with PBS and settled on slides, then fixed for 10 min with methanol at −20 C. The fixed cells were washed and blocked with blocking buffer (PBS with 1% BSA, 0.02% NaN 3 , and 0.1% Triton X-100 PBS) at room temperature for 20 min. After that, slides were washed with PBS and then mounted in vectashield in the presence of 1 μg/ml of DAPI. Slides were then examined using FV1200MPE-share system (Olympus). Images were acquired and processed with FV10-ASW 4.2 viewer software (Olympus).
